ABSTRACT Mechanical forces play an increasingly recognized role in modulating cell function. This report demonstrates mechanosensing by T cells, using polyacrylamide gels presenting ligands to CD3 and CD28. Naive CD4 T cells exhibited stronger activation, as measured by attachment and secretion of IL-2, with increasing substrate elastic modulus over the range of 10-200 kPa. By presenting these ligands on different surfaces, this report further demonstrates that mechanosensing is more strongly associated with CD3 rather than CD28 signaling. Finally, phospho-specific staining for Zap70 and Src family kinase proteins suggests that sensing of substrate rigidity occurs at least in part by processes downstream of T-cell receptor activation. The ability of T cells to quantitatively respond to substrate rigidly provides an intriguing new model for mechanobiology.
Cells have the remarkable ability to respond to the mechanical rigidity of the extracellular environment. This has been explored predominantly in anchorage-dependent cells and the specific context of integrin-and cadherin-based adhesion. As a complementary system, we demonstrate here mechanosensing by T lymphocytes, key modulators of adaptive immunity. T cells are activated through engagement of the T-cell receptor (TCR) by peptide-bearing major histocompatibility complex proteins on antigen presenting cells within a small (~70 mm 2 ) cell-cell contact area termed the immune synapse (1) . This interface hosts additional receptor-ligand interactions; engagement of CD28 on the T cell surface provides a costimulatory signal that augments TCR function and is required for activation of naive T cells. The immune synapse is also characterized by a dynamic cytoskeleton (2) that transports clusters of signaling molecules, suggesting a role of physical forces in T cell activation. Indeed, recent studies show that the TCR is sensitive to forces (3, 4) , but the full impact and mechanism of mechanosensing in T cells remains unexplored.
In this report, the antigen presenting cell is replaced with polyacrylamide gels presenting two activating antibodies (see the Supporting Material), one against CD3 (epsilon subunit, which upon binding activates the TCR complex) and the other to CD28. Concurrent engagement of these two receptors by appropriate antibodies immobilized on rigid beads or planar surfaces is sufficient to induce T cell activation. Notably, activation is not induced by soluble anti-CD3 and anti-CD28. In this report, gel rigidity was controlled by varying the amount of bis-acrylamide crosslinker (5) yielding a core set of materials of bulk Young's moduli (E) between 10 and 200 kPa. Biotinylated anti-CD3 and anti-CD28 antibodies were tethered to the polyacrylamide using an acrylamide-modified streptavidin, yielding a thin (micrometers thick), layer of antibodies ( Fig. S1 in the Supporting Material). The concentration of acrylamide-streptavidin was adjusted to produce a single, standard surface density of tethered proteins that will be used for this study across all substrates. Please see the Supporting Material for additional analysis of this approach.
Mouse naive CD4þ T cells were seeded onto polyacrylamide gels presenting a 1:1 mix of anti-CD3 and anti-CD28, and secretion of IL-2 over a 6-h period was compared across gels as a functional measure of activation using a fluorescence-based, surface capture method (6) . IL-2 secretion was lowest on the softest (E ¼ 10 kPa) gels, and increased with substrate rigidity (Fig. 1 A) . A small, not statistically significant decrease was observed on the 200 kPa vs. 100 kPa gel, possibly reflecting lower T cell accessibility to the antibodies due to smaller gel pore size. IL-2 secretion was not detectable on surfaces containing either anti-CD3 or anti-CD28 alone (data not shown), reflecting the need for both signals in T cell activation. Cell attachment also responds to substrate rigidity, with a lower density of cells observed on the softest surface compared to the three stiffer preparations (Fig. 1 A) . Decreasing the gel rigidity below 10 kPa presented no further change in either cell response (Fig. S2) ; the rest of this study focuses on the core range of 10-200 kPa. These results suggest that cell response can be divided into two ranges on the basis of Young's modulus; for rigidities of 25 kPa or higher, cells exhibit strong attachment and a positive (but saturating) correlation of IL-2 secretion with stiffness, whereas below this range, cells reduce both attachment and IL-2 secretion. An alternative interpretation of this data is that at the lower rigidities IL-2 production is modulated by cell attachment density and not directly by elastic modulus. This was addressed by seeding cells at higher densities, as detailed in the Supporting Material. On the 10 kPa gels, an increase in cell attachment density to match that of the three stiffer gels resulted in a minor, not statistically significant increase in IL-2 secretion. Much larger increases in cell seeding density resulted in a minor statistically significant increase IL-2 secretion, but this was associated with a much larger increase in attachment density. Cooperativity between cells thus has an effect on cell activation that is small compared to mechanosensing. Treatment of cells with blebbistatin (100 mM, Fig. 1 B) abrogated the sensitivity of IL-2 secretion across the three stiffest gels, indicating a role of cytoskeletal contractility in cell response. This builds upon an earlier study showing TCR signaling in response to B cells and anti-CD3 presenting bilayers is reduced by blebbistatin treatment (7). Notably, both IL-2 secretion and cell attachment on the 10 kPa gel remained lower than on the three stiffer gels, supporting the idea that cell interaction with the 10 kPa gel is fundamentally different than on the stiffer counterparts.
We next sought to determine whether mechanosensing is mediated by CD3 or CD28. For these experiments, one of the activating antibodies was tethered to the planar polyacrylamide gels while the other was immobilized onto rigid, 4-mm diameter polystyrene beads (Fig. 2 A) . Varying the rigidity of gels presenting anti-CD3 modulated IL-2 secretion resembling that on surfaces presenting both anti-CD3 and anti-CD28 (Fig. 2 B) . In contrast, cells on gels presenting anti-CD28 showed only a small and statistically insignificant (analysis of variance (ANOVA), a ¼ 0.05, n ¼ 3) decreasing trend in IL-2 secretion with increasing Young's modulus. A longer incubation time (16 h.) was required to obtain measurable IL-2 secretion from these cells. This delayed response may be related to the smaller surface presented by individual beads compared to a gel, or that CD3 and CD28 were engaged on different faces of the T cell, a configuration termed trans-costimulation that earlier studies show induces lower levels of activation than the cis-counterpart (8). We also note that a well-established method for activating T cells is to provide anti-CD3 on a solid support and anti-CD28 in solution. Surprisingly, soluble CD28 at concentrations of 2-20 mg/ml was ineffective in stimulating IL-2 secretion by cells on gels presenting anti-CD3. Together, these results suggest that T cell mechanosensing is associated with CD3 rather than CD28.
We next focused on proteins involved in T cell activation as potential mechanisms of mechanosensing. Phosphospecific antibodies were used to detect Zap70 (Tyr-493) and an activation loop that is conserved across many Src family kinase proteins (SFK) (9,10); available antibodies cannot distinguish between phosphorylated Lck (Tyr-394) and Fyn (Tyr-420), the two major SFK proteins involved in T cell signaling. By 2 min following seeding, both antibodies detected clusters of proteins in the cell-substrate interface on the three stiffest surfaces (Fig. 3) . In contrast, cells on the 10 kPa gels were devoid of pZap70 and pSFK clusters within the interior of the cell-substrate interface, exhibiting only minor accumulations along the cell edge (Fig. 3 A) . Whole-cell measurement of pZap70 and pSFK followed a similar pattern, being lower on the 10 kPa gel than the 200 kPa preparation (Fig. 3 B) . The 2 min time point captures the early burst of Zap70 and SFK activity, but similar patterns were also observed for sustained signaling at 30 min (Fig. S3, A and C) . Notably, cells on the three stiffest surfaces were more spread than on the 10 kPa preparation (Fig. S3 A) . Application of blebbistatin did not affect the distribution or cellular levels of pZap70 and pSFK (Fig. S3 , B and C; a ¼ 0.05, two-way ANOVA). Together, these results suggest that loss of cell attachment and activation on the 10 kPa gel is associated with loss of early TCR signaling, whereas mechanosensing on the stiffest gels is mediated by mechanisms downstream of Lck/Fyn and Zap70. We note that for human cells interacting with B cells or lipid bilayers, blebbistatin reduces pZap70 at both the whole cell level and in microclusters at the cellbilayer interface (7) . This may reflect differences in species or ligand presentation, but the use of total internal reflection microscopy to probe the thin (200 nm) cell-bilayer interface (not possible at cell-gel contacts) may also explain these results. Finally, we followed phosphorylation of Pyk2 (Tyr-580), a protein related to focal adhesion kinase, which has additional roles in TCR signaling (11) . Similar to SFK and Zap70, clusters of pPyk2 were found in the cellsubstrate interface on the three stiffest gels, but were restricted to the interface edge on the 10 kPa preparations (Fig. S3, A and B) . Unlike SFK and Zap70, whole-cell levels of pPyk2 were independent of rigidity (Fig. S3 C) . However, blebbistatin induced a minor but statistically significant decrease in pPyk2 (P < 0.01, two-way ANOVA) across all substrates, suggesting that Pyk2 responds to cell contractility and may contribute to T cell mechanosensing.
Finally, we note that TCR and CD28 signaling is very distinct in mechanism than the integrin and cadherin pathways. Specifically, although CD3 and CD28 signaling influences cytoskeleton dynamics, direct mechanical connections between these structures have not been identified. Mechanosensing through these pathways is thus a new model in mechanobiology that sets a wider role of physical forces in biology.
SUPPORTING MATERIAL
Materials and Methods, three figures, and references (12, 13) are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)05408-7.
